Abstract The concentration and impact of 1,1,1-trichloro-2,2-bis(4-chlorophenyl)-ethane (DDT) and its metabolites (DDE: 1,1-dichloro-2,2-bis(4-chlorophenyl)ethylene) on the environment was expected to decrease after its ban in the mid-1980s. Unfortunately, DDT contamination via its presence as an impurity in dicofol (2,2,2-trichloro-1,1-bis(4-chlorophenyl)ethanol) has led to a new source of contamination. This is particularly true especially in cotton production in Söke Plain, Turkey, where difocol-based pesticides are being used. The aim of this research was to investigate the extent and source of DDT contamination in cotton soils. Söke Plain soil samples were collected from 0-30, 30-60, and 60-90-cm depth and analyzed by GC/MS/MS. o, p′-DDT and p, p′-DDE were detected at 16.2 % and 17.6 % of the sites in the 0-30-cm depth of soils. In the 30-60 cm, p, p′-DDT (14.9 %), o, p′-DDE (8.1 %) and p, p′-DDE (2.7 %) were found in soil samples, and p, p′-DDT was the most prevalent with 9.5 % of the sampling sites. The dominant source of DDT particularly in the 60-90-cm depth was due to historic use of DDT. The presence of p, p′-DDE, o, p′-DDE and p,p′-DDT in the topsoil was attributed to recent dicofol applications.
Introduction 1,1,1-Trichloro-2,2-bis(4-chlorophenyl)-ethane (DDT) was one of the most widely used pesticides in 75 countries to control malaria (Perez-Maldonado et al. 2010) . US consumption had peaked at 80,000 tons by the mid-1960s (Pham et al. 1996) . China produced 0.4 million tons of DDT from 1950 until its ban in 1983 making it responsible for 20 % of the world's DDT production (Liu et al. 2008; Yang et al. 2008 ). However, DDT was not only used to control malaria. It was also used in over 1,600 cattle tick dip stations in Australia (Van Zwieten et al. 2003) and as an insecticide in agricultural applications (Babu et al. 2003; Ozcan and Aydin 2009; Wang et al. 2007) . Although most countries banned DDT by the early1980s, two "new" contamination sources still exist (Ozcan and Aydin 2009) . The first comes from leaking underground storage tanks or tombs (Hay and Focht 2000) . For instance, Poland sent more than 20,000 tons of pesticides such as DDT to underground storage tanks between 1970 and 1990 (Baczynski et al. 2010) . The other new source is from the continued production of DDT as raw material in the manufacture of dicofol (2,2,2-trichloro-1,1-bis(4-chlorophenyl)ethanol). In fact, China has two facilities that produce 6,000 tons year −1 of DDT for dicofol manufacture (Wu et al. 2008) . The new production of DDT for dicofol (which contains~10 % DDT as an impurity) and leaking from underground storage tanks all introduce new sources of DDT contamination into the environment. In the environment, DDT is detected as~85 % p, p′-DDT and 5 % o,p′-DDT. 1,1-Dichloro-2,2-bis (4-chlorophenyl) ethyl-ethane (DDD) and 1,1-dichloro-2,2-bis(4-chlorophenyl)ethylene (DDE) occur as impurities of DDT and are also formed through environmental transformation of DDT (Pirnie et al. 2006; Noegrohati et al. 2008) . The persistence of DDT and its metabolites in soil poses a serious threat to human health and the environment. It has posed a negative impact on immunological, neurological, and reproductive animal systems, as well as being a human endocrine disrupter suspected carcinogen (Bian et al. 2009; Tao et al. 2007 ). DDT and its metabolites can be taken up through plant roots and accumulate in the above ground tissues, becoming part of the food chain and also residues in plant parts in the soil can be even higher (e.g., root and tuber crops) (Jan et al. 2009 ). This poses a significant risk as the major route of human exposure to DDD and DDE is food ). For instance 0.028-0.11 mg kg −1 DDT was found in the husk of basmati rice grown in India (Babu et al. 2003) . In Serbia, the total DDT content of whole grain wheat flour, sunflower oil, white sugar and beets, was found to be 0.35, 0.052, 0.13, and 0.22 ng g , respectively (Skrbic and Predojevic 2008) . Carp in a lake near an abandoned DDT production facility had 3.8 mg kg −1 DDT (Pinkney and McGowan 2006) . DDT has also been found in river sediment (Dmitruk et al. 2008 ) and fish due to agricultural runoff. Runoff near Konya Turkey resulted in a DDT content in fish tissues that ranged from 0.0008-0.08 μg g −1 (Kalyoncu et al. 2009 ). It was also found in the drinking water supply near Izmir, Turkey (Ozcan and Aydin 2009) . Furthermore, consumption of contaminated food and water has led to unacceptable biomagnification levels in children. For instance, children in Mexico have DDT levels of 50.2 ng ml −1 in their blood (Perez-Maldonado et al. 2010 ).
The primary objective of this research was to determine the DDT contamination levels in soils in Söke, Turkey. Assessment of DDT contamination is important since Turkey is the largest producer of organic cotton. The alluvial plain of Söke is one of Turkey's largest growing areas of cotton. In addition, this region produces large quantities of wheat, wheat flour, and olives. As such, a secondary objective was to ascertain if the DDT was from historic use or recent application of dicofol.
Materials and methods

Sampling and location
The Söke plain (27°09′53″ and 27°23′03″ E and 37°2 8′40″ and 37°43′09″) is bordered by Aegean Sea to the west and Didim Highway to the East (Fig. 1) . The Great Meandros River flows through the Söke Plain. The total sampling area involves 25,000 ha, and the 74 soil samples were taken from each depths; 0-3, 30-60, and 60-90 cm and a total of 222 samples were taken from the sampling locations (Fig. 2) . The sampling points were selected based on their spatial distribution. Extraction, analyses, and confirmation After collection, natural materials such as roots, stones and gravel were removed from the soil, and the samples were thoroughly mixed. After mixing, an aliquot (1 kg) was transferred to the laboratory where the individual soil samples were remixed, and 100 g of each sample was stored at −20°C until analysis. Soils (5 g) were extracted with 10 ml of methanol/acetone (1:1) (Merck, Germany) by sonification for half an hour, which was followed by centrifugation at 3,500 rpm for 10 min. The supernatants were then cleaned on an alumina-silicic acid column (3 g silicic acid and 2 g alumina) according to Sofuoglu et al. (2001) and eluted with 20 ml dichloromethane (Merck, Germany). All solvents were purchased from Sigma-Aldrich. The collected eluent was further concentrated to 1 ml in vacuum dryer (CentriVap Vacuum Concentrator Systems, Labconco Co.). Pesticides were determined qualitatively and quantitatively using gas chromatography Varian GC 3800 (Varian, Inc.) series equipped with an electron capture detector 63 Ni-ECD (GC-ECD) and a DB 1702 (30 m×0.25 mm i.d., 0.25 μm of film thickness) column. Helium was used as the carrier gas at 75-psi pressure and 1-ml min −1 flow rate.
The makeup gas was nitrogen (ECD quality). The injector and detector temperature was 250°C and 300°C, respectively. The oven temperature was 180°C for 1 min, then increased to 290°C at 4°C min −1
. The injection volume was 2 μl in the splitless mode. The confirmation of peaks was done using a Varian 2200 GC/MS/MS with, EI, Ion Trap MS Detector. The capillary column was a factor four columns and carrier gas was Helium 5.0 with a flow rate of 1 ml/min. Transfer line temperature was 270°C, and the injection volume was 2 μl in the splitless mode. Electron ionization was used at 70 eV in SIM mode and full-scan (50-600 m z −1 ) modes in different experiments. Varian ChemStation was used for data acquisition/processing. The percent recovery of pesticides was determined by spiking known concentrations of DDT mixtures to clean soil which was taken from the organic farming soil. Four replicates were used for reproducibility and reliability purposes. Qualitative (area) results from the GC were converted to parts per million by calibration curves obtained using external standard solutions of pure compounds (available from Supelco). Calibration curves were generated using six replicates per target concentration. New standard solutions were used to generate new curves every month. In addition, blind samples will be used for quality assurance of inhouse analytical methods.
Statistical analyses
Results were compared using a general linear model with P values under 0.05 being considered statistically significant using SPSS statistics software version 18. Results were also analyzed by principal component analysis, which was used to transform a number of possibly correlated variables into a smaller number of uncorrelated variables. Table 1 presents the average contamination levels of DDT and its metabolites that were detected in Söke soils. The average percent recovery (± standard deviation) for each metabolite was: o,p′-DDE 72±12 %, o, p′-DDT 83±11 %, p,p′-DDE 73±16 %, p,p′-DDD 89± 21 %, and p,p′-DDT 92±24 %. It is important to recall that results are from 74 different sampling (Fig. 2) points that spanned 25,000 ha (Fig. 1) . In some situations, DDT and metabolites were below detection limits, either not present or lower than analytical technique could detect. The presence of a below detection limit can skew the results indicating that soil was less contaminated than actually is. However, given the number of sampling sites that yielded detectable results, especially since DDT use was banned in 1985 is indicative of widespread, persistent contamination.
Results and discussion
p,p′-DDT was not detected at any of the sites in the 0-30-cm depth while o,p′-DDE and p,p′-DDE were detected at 16.2 % (average of 0.48 μg kg −1 ) and 17.6 % of the sites, respectively. For the 30-60 cm depth, the most prevalent compound was p,p′-DDT (14.9 % of sites) followed by o,p′-DDE (8.1 %) and p,p′-DDE (2.7 %). p,p′-DDT also had the highest contaminant level of 1.927 μg kg −1 in the middle soil horizon. Similarly, p,p′-DDT was the most prevalent isomer for the 60-90-cm depth, being detected at 9.5 % of the sampling sites at an average of 0.177 μg kg −1
. o, p′-DDE, and p,p′-DDE were each found at 1.4 % of the sites. The presence of p,p′-DDT in the middle and subsoil horizons was not surprising as it has a reported half-life of 4-35 years ) with the specific half-life being dependent on the condition of the soil. Furthermore, as DDT migrates further into the subsoil, with time it becomes inaccessible to the bacteria that initiate its biodegradation (Fujimura and Katayama 1997; Kelsey and White 2005) . What was surprising was that the o,p′-DDT and p,p′-DDD isomers were not detected at any of the sampling sites, regardless of the depth. Initially, this could imply that the contamination was due to new dicofol application since dicofol contains technical grade DDT as an impurity at~20 %, o,p′-DDT and 80 %, p,p′-DDT (Yang et al. 2008; Bian et al. 2009; Qian et al. 2006) . Overall, the most frequently detected metabolite was p,p′-DDE, which was similar to the results reported by Qian et al. (2006) Detection of p, p′-DDE without detectable levels of p,p′-DDT in the topsoil corroborates the potential source as fresh applications of dicofol. The fact to corroborate contamination due to dicofol applications is the highest concentration of o,p′-DDE (0.482 mg kg −1 ) was found in the topsoil. A recent study of 24 dicofol formulations in Turkey yielded o,p′-DDE as the most frequent impurity in dicofol (average 169 mg kg −1 dicofol) (Turgut et al. 2009 ). Table 2 contains the results of the independent t tests for each compound, with the comparison made across the different soil depths. o,p′-DDE exhibited the most significant difference in concentration between the top and middle soil layers (p00.008) while differences in p,p′-DDE concentrations was more significant between at the 30-60 and 60-90-cm depths. The most significant difference in p,p′-DDT concentrations was observed when the results from 0-30 and 60-90-cm depths were compared.
The correlation for the different DDT components in each soil horizon is given in Table 3 . The lack of significant correlation in the topsoil could be attributed to aerobic biodegradation and migration further in the subsurface. Under aerobic conditions DDT is biodegraded to DDE, which is more persistent (Van Zwieten et al. 2003; Liu et al. 2008; Gautam and Suresh 2006; Megharaj et al. 2000) while it is biodegraded to DDD under unaerobic conditions (Mitra et al. 2001; Van Zwieten et al. 2003; Yang et al. 2008) . The absence of o,p′-DDT in conjunction with presence of o,p′-DDE indicates aerobic degradation occurred. In the 30-60-cm soil horizon there was a 95 % confidence interval (C.I.) significant correlation between p,p′-DDE and o,p′-DDE. The only and most significant correlation (99 % (C.I.)) in the 60-90-cm horizon was between p, p′-DDT and o,p′-DDE. Although the t test and correlation analysis indicated that there were significant differences in the different pesticide concentrations based on sampling depth, the shear size of the sampling area could skew the results. Therefore, a principle component analysis was also conducted. Table 4 contains the principal component analysis for the five compounds analyzed. Results for o,p′-DDT and p,p′-DDD were not included in the table as these compounds were not detected in any of the sites sampled, regardless of depth. Factor 1 accounted for 32 % to 38 % of the variance. It was highly associated with p,p′-DDE and moderately associated with o,p′-DDE for the 0-30-cm depth. At the 30-60-cm depth, factor 1 was highly associated with p,p′-DDE and o,p′-DDE and moderately to p,p′-DDT. For the 60-90-cm depth, high association of factor 1 was for o,p′-DDE and p,p′-DDT. The highest association of p,p′-DDT at the lower depth and absence of detection at the soil surface is indicative of contaminant migration to the lower soil horizons. This in conjunction with the absence of o,p′-DDT, the major impurity of dicofol, at all sampling depths indicates that factor 1 is mostly related to the historical application of technical grade DDT.
Factor 2, which accounted for~62 % of the variance, had the highest association with p, p′-DDE occurred at the 60-90-cm depth. There was moderate to low association with o,p′-DDE at the 30-60 and 60-90-cm depths, respectively. o,p′-DDE is the primary metabolite of p,p′-DDT. Since this metabolite is found closer to the soil surface, this implies that factor 2 is mostly related to relatively recent dicofol applications.
Conclusion
As previously mentioned, the Söke area is one of the largest producers of cotton, as well as food crops, in the western portion of Turkey. The 25,000-ha area, where soil samples were collected from and analyzed, still had significant levels of DDT and its metabolites even though DDT use was banned in 1985. This study found that the dominant source of total DDT, particularly in the 60-90-cm depths was due to the historic use of DDT. The presence of p,p′-DDE, o,p′-DDE and p,p′-DDT in the topsoil was attributed to recent dicofol applications.
